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Ab initio calculations establish that CH3O
1ACHCH3 (1) rearranges in gas phase isolation to
CH2AO
1C2H5 (2) directly rather than through CH3OCH2CH2
1 (3). The reaction is predicted to
be antarafacial, in accord with the Woodward–Hoffmann (W–H) predictions. We predict an
activation energy of 212.0 kJ/mol for this process at the QCISD(T)/6-311G**//MP2/6-311G**
level. We also reinvestigated the degenerate rearrangement of CH3OACH2
1 by a 1,3-
sigmatropic shift. The W–H model is not a good one for the transition state (TS) for the latter
reaction because the p bonding has been completely broken off. That TS is stabilized by
three-center bonding between the carbons and the hydrogen being transferred. We also
examined the questions of the importance of polarization functions on hydrogen and a set of
outer valence functions on all the atoms in describing these hydrogen transfer TSs, and
whether it is necessary to include these functions in the TS optimization runs. For the
rearrangements we studied, polarization functions on hydrogen are crucial only for 1,2
hydrogen shifts. The 6-31G* basis set is adequate and good for the optimization of TSs of other
ring sizes. For the 1,3 and 1,4 shifts we examined, a combination of both outer valence
functions and polarization functions on hydrogen causes reductions in the computed activa-
tion energies ranging from 5.9 kJ/mol for the 1,4 shift at the RHF level to 15.6 kJ/mol for the
1,3 shift at the MP2 level. (J Am Soc Mass Spectrom 1998, 9, 130–137) © 1998 American
Society for Mass Spectrometry
In 1970 Tsang and Harrison [1] reported that meta-stable CH3O1ACHCH3 ions (1) lose CH2O to formC2H51. In 1975 Hvistendahl and Williams [2] con-
cluded that this loss occurred following isomerization
of 1 to CH2AO
1C2H5 (2) over a barrier 243 kJ/mol
high. However, it could not be established from their
work whether the isomerization occurs directly as 1 3
2, or whether it involves formation of CH3OCH2CH2
1
(3) by 1 3 3 3 2. There is a clear example [3] of
sequential 1,2 and 1,4 shifts in preference to a single
1,3-shift process that would yield the same product in
the case of CH3C(AO
1H)CH z CH3. This ion rearranges
to the distonic CH3C(AO
1H)CH2CH2
z by a 1,2 shift and
then to ionized 2-butanone by a 1,4 shift before losing
methyl and ethyl in its lowest energy fragmentation [3].
This is in accord with the ring size preferences generally
observed for ions in the gas phase when a hydrogen
atom is transferred [4]. Hvistendahl and Williams pre-
ferred the more direct 1,3 shift despite its having a
highly strained four-membered ring transition state that
is orbital symmetry forbidden [2, 5]. The sequential
process has the disadvantage that it involves 3, a
primary carbenium ion that has one less chemical bond
than either 1 or 2. We undertook the present computa-
tional study to resolve the interesting uncertainties
regarding the pathway between 1 and 2, and because
our group has long been concerned with hydrogen
atom shifts involving small rings [4]. We wanted to
know how important the extra set of valence func-
tions in the 6-311G* basis set is and how important
polarization functions on the hydrogens were in
describing small-ring hydrogen rearrangements. We
wanted to determine whether it was necessary to use
these functions in the transition state (TS) optimiza-
tion routines, and how much their use changes the TS
energies. We also examined the orbital populations to
find out how much the outer valence orbital and the
p orbitals on the hydrogen transferred (Ht) are actu-
ally used.
Results and Discussion
We located the TSs for the two possible processes
linking 1 and 2, and we find that at all levels of theory
(RHF or MP2) the direct four-membered ring process is
lower in energy by 46–87 kJ/mol. Ion 1 exists as both Z
and E isomers. The energies of Z 1, E 1, 2, and the two
transition states (ring4 and ring5) connecting them are
given at several levels of theory in Table 1. Figures 1–5
depict these species as optimized at the MP2/6-311G**
level of theory.
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Effect of Quantum Mechanical Method
on Activation Energy
We selected E 1, the ring4 TS, and the ring5 TS for more
intense study to determine how the computed activa-
tion energies were affected by the choice of basis sets
and correlation methods (Table 2). Several generaliza-
tions are apparent: (1) The activation energy for the
ring4 TS is more strongly affected by both the outer
valence functions and by polarization functions on
hydrogen than is the ring5 TS. It is not unexpected that
the smaller the ring size of the TS, the larger the effect
of additional functions. (2) The outer valence function is
more effective than polarization functions on hydrogen
both in lowering the absolute energies (the 6-311G*
energies are always lower than the 6-31G** energies of
the same species) and in lowering the computed acti-
vation energies (Ea is less in the 6-311G* basis set than
in the 6-31G** basis set). This is also not too surprising
because the outer valence function improves the de-
Figure 1. The ring4 transition state.
Figure 2. The ring5 transition state.
Figure 3. The structure of E 1.
Figure 4. The structure of Z 1.
Figure 5. The structure of 2.
Table 1. Energies of C3H7O
1 speciesa
Method
Ion
E 1 Z 1 2 ring4 TS ring5 TS
ZPVEb 240.7 241.3 242.4 235.4 235.2
RHF/6-31G** 0.281282 0.277229 0.262166 0.188552 0.170926
DEc 0.0 11.2 51.9 238.1 284.4
MP2/6-31G** 0.869807 0.865978 0.852117 0.784497 0.753200
DEc 0.0 10.7 48.1 218.6 300.9
RHF/6-311G** 0.321204 0.317065 0.302246 0.231362 0.212717
DEc 0.0 11.5 51.5 230.5 279.5
MP2/6-311G** 0.941276 0.937311 0.923951 0.860201 0.826933
DEc 0.0 11.0 47.2 207.5 294.9
Experimentalc 0.0 45d 243e
aElectronic energies in hartrees are negative. To each electronic energy 2192.000000 hartree must be added. Thus the true energy in hartrees for
each computation begins with 2192.
bIn kJ/mol, scaled from the computed value by 0.89.
cIn kJ/mol including ZPVE, and relative to E 1.
dFrom [14] and [19], in kJ/mol.
eFrom [2]. The experiment does not establish whether the process occurs by the ring4 or ring5 TS.
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scription of the wavefunction about all the atoms of the
TSs, whereas polarization functions on hydrogen affect
only the hydrogen. (3) Correlation treatment lowers the
energy of the ring4 TS and raises the energy of the ring5
TS relative to E 1. (4) The activation energies computed
at the QCISD(T) level are intermediate between those
computed at the RHF and MP2 levels.
Ion 3 is stable at the RHF level in the 6-31G* and
6-311G* basis sets. However, with the 6-31G** basis set
it isomerized to 1 without activation. Thus polarization
functions on hydrogen are essential to understanding
the 1,2 shift between 3 and 1, and it is necessary to
optimize in basis sets containing these functions. For
the 1,3 and 1,4 shifts considered in this work the 6-31G*
basis set is adequate to determine the structures of the
TSs. Table 3 shows that the 6-311G** energies of 1 and
the two TSs change by less than 0.4 kJ/mol between the
6-31G* optimum geometry and the 6-311G** optimum.
Orbital Symmetry and the Intrinsic
Reaction Coordinate
The Woodward–Hoffmann (W–H) rules provide that
the four-membered ring process is orbital symmetry
forbidden if the hydrogen migrates suprafacially, al-
though it is allowed in an antarafacial process in which
the hydrogen atom migrates from one side of the
molecule to the other [5]. However, the latter process
would introduce additional elements of strain. Wood-
ward and Hoffmann declared antarafacial processes to
be “obviously impossible” if they occurred within small
or medium sized rings [6]. Before the advent of intrinsic
reaction coordinate (IRC) calculations, one would ad-
dress this issue by manual displacement from the TS in
both directions defined by imaginary vibration and
reoptimizing. At present, the correct method is IRC [7].
We have found that the two methods give different
answers to the question of whether the reaction is
suprafacial or antarafacial. To begin with, since Ht is
very close to the CCO plane (the two carbons being the
reaction termini), the distinction between the two paths
is small. When we displaced the atoms from the TS and
reoptimized, using the criterion as the sign of the Z
coordinate of Ht, we concluded that the reaction was
suprafacial. We then ran the IRC calculations using the
dihedral angle between the plane defined by Ht, C2,
and O with a plane of C2, O, and C4, where C2 is the
carbon atom closest to Ht (on the two carbon side) and
C4 is the other rearrangement terminus. We found this
dihedral angle to be 13.4° at the MP2/6-31G** TS. As
the IRC calculations approached 2 from the TS, the
angle increased steadily for 17 steps to 21.6° before
starting to decrease again. However, the dihedral angle
decreased regularly as the IRC calculations headed
toward 1, and became negative on the third step. The
dihedral angle continued to decrease in steps four and
five. The angle then remained nearly stationary be-
tween 20.9° and 21.1° for nine steps. In the next 26
steps the dihedral angle decreased slowly but steadily
to 26.3°, leaving no doubt that the reaction path is
antarafacial, at least in the vicinity of the TS. Thus the
W–H prediction of antarafacial 1,3 shifts is borne out in
this system.
Ions in the gas phase are not constrained to follow
the minimum energy path, so possibly the IRC calcula-
tions do not describe the precise trajectories of the
atoms through the rearrangement. Therefore, we view
our IRC calculations as a test of the W–H predictions,
not as predictions of actual gas phase behavior.
The central idea of the W–H predictions concerning
sigmatropic reactions is that, for the reaction to be
concerted, the migrating hydrogen bonds simulta-
neously to the reaction termini while p bonding be-
tween the other atoms involved in the TS is retained. In
the sigmatropic reactions described here, the p bonding
is almost completely broken off in the transition state
(see below), raising the question as to the applicability
of the W–H ideas. However, symmetry constraints
nonetheless determine the geometry of the present TSs
in that they prevent the occurrence of suprafacial TSs in
which the p bonding is not yet completely broken off.
Because Sannes and Braumann have also reported the
avoidance of symmetry-forbidden suprafacial TS in
Table 2. Effect of quantum mechanical method on energya
Method
Ion
E 1 ring4 TS ring5 TS
RHF/6-31G* 0.269119 0.174000 0.158409
DEb 0 244.3 285.4
RHF/6-31G** 0.281282 0.188552 0.170926
DEb 0 238.1 284.4
RHF/6-311G* 0.309689 0.217642 0.200356
DEb 0 236.3 281.8
RHF/6-311G** 0.321204 0.231362 0.212717
DEb 0 230.5 279.5
MP2/6-31G* 0.816499 0.729451 0.699138
DEb 0 223.1 302.8
MP2/6-31G** 0.869807 0.784497 0.753200
DEb 0 218.6 300.9
MP2/6-311G* 0.892312 0.808830 0.775882
DEb 0 213.8 300.4
MP2/6-311G** 0.941276 0.860201 0.826933
DEb 0.0 207.5 294.9
QCISD(T)/6-311G**c 1.008447 0.925647 0.897475
DEb 0.0 212.0 285.9
aIn hartrees for the structure optimized at the level indicated except for
the QCISD(T) runs which were performed at the MP2/6-311G** opti-
mum geometry. All entries in hartrees are negative and 2192.000000
hartree must be added to each. Thus the energy in hartrees for each
computation begins with 2192 or 2193.
bIn kJ/mol relative to E 1; includes ZPVE (Table 1).
cAt the MP2/6-311G** optimum geometry.
Table 3. Changes in the 6-311G** energy upon reoptimization
from the 6-31G* to the 6-311G** optimum geometrya
Species 1 ring4 TS ring5 TS
DE 20.38 (20.18) 10.35 (10.01) 20.22 (10.15)
aIn kJ/mol at the MP2 level; parenthetical values are at the RHF level.
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computations on the degenerate 1,3-H-transfer isomer-
ization of the acetone enolate ion [8], the avoidance of
W–H disallowed TSs by distortion to the extent that p
bonding is destroyed may be a general phenomenon, at
least in gas phase ion chemistry. We can say that the
W–H prediction of an antarafacial TS is correct, accord-
ing to our IRC calculations, providing the first clearly
described exception to the expectation of Hoffmann and
Woodward that such processes are not feasible in small
ring TSs.
Asymmetry of the Transition States and
the Hammond Postulate
Both transition states are highly unsymmetrical. Tables
4 and 5 give the optimized parameters of the ring4 and
ring5 TSs, respectively, as computed at the MP2/6-
311G** level. The asymmetry of the ring4 TS is easy to
understand in terms of the Hammond postulate. The
ring4 TS resembles the less stable 2 more than 1. In the
ring5 TS the asymmetry is readily understood if the
reaction is considered to occur in two stages. In the first
stage, 1 rearranges to 3 (although 3 is not stable, the
potential energy well for 1 includes structures with the
properties of 3 at energies below the ring5 TS). In the
second stage, 3 passes over the TS and rearranges to 2.
The ring5 TS resembles the unstable 3 more than 2. IRC
calculations support this picture. The ring5 TS connects
HtCH2O
1ACHCH3 with CH2AO
1CH2CH2Ht.
In the ring4 TS the overlap population of Ht with the
internal carbon is 0.574, whereas it is only 0.102 with the
terminal carbon. This compares to an average of 0.762
for the fixed hydrogens in the ring4 TS. The ring5 TS
has an overlap population with an Ht of 0.606 for
carbon on oxygen and 0.192 for the other reaction
terminus. This compares to 0.739 for the overlap popu-
lations in the fixed C–H bonds in the ring5 TS. Both the
overlap populations and the bond lengths (Table 5) to
Ht are in accord with the Hammond postulate: the TS
should resemble the less stable of the two species it
connects, although strictly speaking, 3 does not exist.
Orbital Usage in the Transition States
Before we began the computations, we supposed that
an outer valence orbital (3s) and p orbitals on Ht would
be important in describing the ring4 TS, since Ht is
expected to bond simultaneously to both reaction ter-
mini, which are separated by some distance and make a
bond angle with Ht at a vertex of about 90°, the same as
the angle between the axes of p orbitals. The use of the
6-311G** instead of the 6-31G** basis set lowers the
activation energy by 8–11 kJ/mol in the case of the
ring4 TS and by 5 kJ/mol in the ring5 TS. Contrary to
expectations, in the former case most of the improve-
ment must come from improved description of the
wavefunctions of carbon and oxygen. The 3s orbital
population on Ht of 0.0333 is less than that of the methyl
hydrogens, which average 0.0640, but more than that of
the other stationary hydrogens that average 0.0218. The
Table 4. Optimized parameters of the ring4 TS
RC1C2 1.509
RC2Ht 1.139
C1C2Ht 110.7
RC4Ht 1.726
C4HtC2 78.2
C4HtC2C1 116.3
RC4O5 1.295
O5C4Ht 91.2
O5C4HtC2 4.3
RC1H6 1.091
H6C1C2 111.3
H6C1C2O5 61.2
RC1H7 1.093
H7C1C2 108.6
H7C1C2O5 2178.7
RC1H8 1.091
H8C1C2 108.6
H8C1C2O5 259.3
RC2H9 1.089
H9C2C1 120.9
H9C2C1H6 2179.8
RC4H10 1.095
H10C4O5 119.7
H10C4O5C2 89.8
RC4H11 1.096
H11C4O5 119.7
H11C4O5C2 2100.9
Designations starting with R are bond lengths; three atom designations
are bond angles about the middle atom of the three, and groups of four
atoms represent the dihedral angles between the planes containing the
first and last atoms in the group and the bond joining the middle atoms.
Table 5. Optimized parameters of the ring5 TS. Designations
are as in Table 2
RC2O1 1.410
RC2Ht 1.162
HtC2O1 106.4
RC4Ht 1.823
C4HtC2 111.2
C4HtC2O1 13.9
RC4C5 1.469
C5C4Ht 85.3
C5C4HtC2 16.8
RC2H6 1.097
H6C2O1 113.4
H6C2O1C5 71.8
RC2H7 1.089
H7C2O1 110.8
H7C2O1C5 2159.7
RC4H8 1.091
H8C4C5 117.4
H8C4C5O1 37.3
RC4H9 1.093
H9C4C5 123.6
H9C4C5O1 2156.5
RC5H10 1.113
H10C5O1 112.2
H10C5O1C2 169.9
RC5H11 1.099
H11C5O1 114.3
H11C5O1C2 267.2
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modest occupancy of the 3s orbital on Ht is probably
because the C–H bond is only stretched by about 4%, as
compared to the other C–H bond lengths in the ring4
TS. The TS energy is high, not because of the stretching
of the C–H bond, but because of the bending of this
bond and of the COC bond angle (81.3°) from the
normal, and because of the nearly complete breakoff of
p bonding between the carbons and oxygen. This is
more readily seen in the degenerate rearrangement of
CH3OACH2
1 to CH2AOCH3
1, which will be discussed
below. The orbital occupations of the p orbitals on Ht
(0.0328) total more than those of the other hydrogens,
which average 0.0265, but not drastically more. In the
ring5 TS, Ht has a 3s orbital occupancy of 0.0727, which
is larger than that of any of the other hydrogens, which
average 0.0368. The orbital occupancy of the p orbitals
on Ht in the ring5 TS is unexceptional, totaling 0.0271,
which is the second largest on an H in the molecule and
only a little more than the average of 0.0259. Structure 3
is stable at the RHF/6-31G* and 6-311G* levels. How-
ever, when p orbital functions are placed on the hydro-
gens with the 6-31G** basis set, 3 rearranges spontane-
ously to 1. In the reactions we studied, at least at the
RHF level, p orbital functions on hydrogen are critical
for understanding 1,2-hydrogen shifts, mildly helpful
for the 1,3 shifts that are the focus of this work, and not
particularly important for the 1,4 shift between 3 and 2.
CH3O
1A CH2
The average of the forward and reverse activation
energies through the ring4 TS is very similar to that
calculated for the degenerate rearrangement of the
methoxymethyl cation at the most nearly comparable
levels of theory [9], although optimization of the latter
was done only at the RHF/6-31G* level. The structure
of the ring in our ring4 TS differs from that of the ring
in ref 9, primarily in that ours is more unsymmetrical.
One of our C–Ht bonds is shorter at 1.139 versus 1.276
Å, while our other C–Ht bond is substantially longer at
1.726. We reinvestigated CH3O
1AOCH2 to gain a bet-
ter understanding of the bonding involved and also to
reoptimize the reactant and TS with MP2 theory. The
RHF TS is indeed the highly symmetrical C2v structure
found by Audier et al. [9] and earlier by Nobes et al.
[10]. At the MP2 level, however, the situation is more
complex, at least with the 6-311G** basis set. Electron-
ically, the C2v structure is an intermediate with all
vibrational frequencies positive. The true TS retains the
plane of symmetry containing the heavy atoms and Ht,
but Ht is displaced toward one of the carbons. How-
ever, when the zero-point vibrational energies (2PVE)
(unscaled at this level of theory) are included, the
energies of the electronic TS (the TS found by the
Gaussian optimization algorithm before zero-point en-
ergy corrections) and the C2v structure are equal to
within 0.1 kJ/mol. This C2H5O
1 system can be opti-
mized using QCISD. In the 6-311G* basis set, QCISD
optimization yielded a TS of 0.2 kJ/mol higher in
electronic energy than the symmetrical “intermediate.”
This difference increases to 0.4 kJ/mol at the
QCISD(T)/6-311G** level in the same geometry. Since
the zero-point energies are higher in the symmetrical
structure by 1.9 kJ/mol, our calculations place the
symmetrical structure higher in energy by 1.5 kJ/mol
than the electronic TS. The QCISD/6-311G* and MP2/
6-311G** optimized parameters of the C2v “intermedi-
ate” and the Cs C2H5O
1 electronic TS are given in Table
6. The MP2/6-311G** optimized parameters of the TS
are more asymmetrical than those obtained at the
QCISD level. The computations are not sufficiently
accurate to definitively settle the issue of whether an
intermediate is involved in this rearrangement. In any
case it seems likely that the potential energy surface is
unusually flat along the central portion of the reaction
path of this ion. This could be a case in which the
thickness of the barrier as well as its height should
inhibit tunneling [11]. The MP2 calculations suggest
that there is no intermediate in the normal isotopic
species, but there is one in the fully deuterated species
because of the reduced zero-point energy.
Activation Energies Compared to
Neutrals
The p bonding between C and O that so greatly
stabilizes CH3OACH2
1, 1, and 2 is essentially com-
pletely broken off in transition states for the 1,3-hydro-
gen shifts. This is easiest to see in the C2H5O
1 case. Not
only is Ht squarely in the COC plane, but this plane
bisects the HCH bond angles for the hydrogens that
remain in place on each carbon. Thus, in the C2H5O
1
Table 6. Optimized parameters of the C2H5O
1 degenerate
rearrangement. Designations are as in Table 2
Electronic TS and symmetrical intermediate
MP2 TSa
QCISD
TSb MP2 Inta QCISD Intb
RC1Ht 1.5882 1.417 1.2974 1.230
RC3Ht 1.1639 1.222 1.2974 1.230
CHtC 78.58 81.6 82.30 82.5
RC1O4 1.3202 1.353 1.3892 1.386
HtC1O4 94.63 97.5 100.93 100.5
O4C1HtC3 0.00 0.0 0.00 0.0
RC1H5 1.0937 1.093 1.0903 1.092
H5C1O4 118.91 117.5 115.66 115.6
H5C1O4C3 297.96 2102.1 2105.33 2105.8
RC1H6 1.0937 1.093 1.0903 1.092
H6C1O4 118.91 117.5 115.66 115.6
H6C104C3 97.96 102.1 105.33 105.8
RC3H7 1.0873 1.090 1.0903 1.092
H7C3O4 109.33 113.1 115.66 115.6
H7C3O4C1 112.75 109.2 105.33 105.8
RC3H8 1.0873 1.090 1.0903 1.092
H8C3O4 109.33 113.1 115.66 115.6
H8C3O4C1 2112.75 2109.2 2105.33 2105.8
aIn the 6-311G** basis set with OPTATIGHT.
bIn the 6-311G* basis set.
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TS, the suprafacial and antarafacial TSs are degenerate.
However, the TS is much lower in energy than is
fragmentation by loss of a hydrogen atom. Holmes et al.
[12] estimated the heat of formation of z CH2OACH2
1 as
859.8 kJ/mol. Combining this value with the known
DHf of the hydrogen atom of 216.0 kJ/mol [13] leads to
a heat of formation of 1075.8 kJ/mol for the products of
hydrogen atom loss from CH3OACH2
1. The heat of
formation of the latter ion is 663.2 kJ/mol [14], leading
to 412.6 kJ/mol for the C–H bond strength in
CH3OACH2
1. However, the activation energy for the
1,3 shift in this system, 168.0 kJ/mol (our result at the
MP2/6-311G** level with the unscaled ZPVE correc-
tions figured at the same level), is less than half that for
H-atom loss. In contrast, in a theoretical study of
neutral propene [15], the authors concluded that the
activation energy for the 1,3-sigmatropic shift was com-
parable to that for hydrogen-atom loss. Bouma et al.
[16] concluded that the 1,3-shift TS converting neutral
vinyl alcohol to acetaldehyde resembled the symmetry-
allowed antarafacial pathway more than the symmetry-
forbidden suprafacial one. Their calculations predict a
transition state energy comparable to that for dissocia-
tion. Their optimized parameters imply a considerable
reduction in p bonding in the TS, and the hydrogen
being transferred is slightly out of the CCO plane.
By contrast, a study of ionized propene found two
paths for the 1,3 shift that were lower in energy than
dissociation by hydrogen-atom loss [17]. The suprafa-
cial shift occurred as consecutive 1,2 shifts. A C2v C3H6
1 z
structure similar to the C2H5O
1 TS at the RHF level was
also predicted to be below the dissociation limit, but the
force constant matrix had two negative eigenvalues
[17]. It is natural to ask why the 1,3 shift is so much
more facile in the ions CH3OACH2
1 and C3H6
1 z than in
the neutral propene and vinyl alcohol systems. The
answer is implicit in the work of Nobes et al. [10]. They
described the TS for the 1,3 shift in CH3OACH2
1 as
oxirane protonated on the C–C edge, in analogy to
protonated cyclopropane. This formulation could be
challenged because Ht in this TS has a lesser charge
(0.189) than the other hydrogens in the molecule (0.226
and 0.259). However, edge-protonated cyclopropane
also has a smaller charge on the bridging hydrogen
(0.216) than on the others (which are four hydrogens
with 0.252 on the carbons flanking the bridge and 0.226
for the other two hydrogens [18], so the description of
ref 9 appears sound. The fundamental answer to the
question is that transition states in positive ions can be
stabilized by three-center bonding in ways that are
impossible in the neutral.
Typically the overlap population between atoms
bonded to the same atom is negative. That is probably
at least part of the reason why the geometries of organic
molecules are so predictable based on placing the
electron pairs on a given atom as far apart as possible.
Thus the C–C overlap population in CH3OACH2
1 is
20.1113. In the TS for degenerate rearrangement (recall-
ing that it is unsymmetrical at the MP2 level), the C–C
overlap population is 0.0596, while the overlap popu-
lation of Ht with the carbons is 0.1290 and 0.5321. The
total change in the C–C overlap population upon going
from CH3OACH2
1 to the TS is 0.1709, which is 30% of
the C–C overlap population (0.5724) for the directly
bonded carbons in 2. Ht also retains strong binding to
one of the carbons and some binding to the other. Thus
the calculations clearly show that this transition state is
stabilized by three-center bonding. In this respect, the
TS for the degenerate rearrangement of CH3OACH2
1
resembles the TS for 1,2 shifts in which orbitals from the
reaction termini and Ht all overlap together in a bond-
ing way.
Comparison of C2H5O
1 and C3H7O
1
Systems
The situation in the ring4 TS is similar, but not identical,
to that in the C2H5O
1 degenerate rearrangement TS
discussed above. Ht in ring4 is 4° out of the CCO plane,
and the CCO plane no longer precisely bisects the bond
angles between the atoms attached to the reaction
termini. The HCOC dihedral angles for the two hydro-
gens statistically bonded to the terminal carbon are
89.8° for one of the atoms and 2100.9° for the other. The
similarities are sufficient to render our description of
the bonding in the C2H5O
1 applicable to the ring4 TS as
well. The overlap populations discussed above have the
same signs in both TSs.
Comparison to Experiment
There appears to be a 20-kJ/mol discrepancy between
our computed energy difference between 1 and 2 and
the experimental enthalpy differences between them if
the experimental values are taken from the standard
compilation [12]. However, upon consulting the origi-
nal literature, one finds that DHf (1) 5 556.5 6 4.1
kJ/mol [18], and DHf (2) 5 602.5 6 12.3 kJ/mol [19] and
601.7 6 4.1 kJ/mol [14]. The experimental difference of
45.2 kJ/mol is in good accord with our best computa-
tions, which place the difference at 47.2 kJ/mol. Our
results are also consistent with the very high level
computations G2(MP2) and CBS-Q, which give the
energy difference between 1 and 2 as 50 and 51 kJ/mol,
respectively [20]. Similar results were also obtained
with optimization at the RHF/3-21G level [21].
Our RHF energies are in better accord with the
experimental activation energy of 243 kJ/mol than are
the MP2 energies for the isomerization of 1 to 2 (Table
1). The QCISD(T) treatment of correlation does not
improve the agreement with the experiment. Improve-
ments in the basis sets (see Effect of Quantum Mechan-
ical Method) also lower the energy of the transition
states more than the energy of the reactants. Thus,
improvements in both the basis set and in the correla-
tion treatment suggest that the experimental activation
energy is too high. Experimentally determined activa-
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tion energies using the electron impact methods of ref 2
are routinely subject to errors of about 10 kJ/mol under
ideal conditions. If this experimental error is in the right
direction, it could account for most of the discrepancy
between our predictions with RHF theory. In addition
to the usual experimental errors, processes of high
activation energy are subject to a systematic positive
error called the kinetic shift [22]. The reaction must
occur with sufficient speed so that it can be detected in
the roughly 1025 s that the methodology of [2] requires.
For processes of high activation energy, the additional
energy necessary to achieve detectable products can be
significant. The discrepancy between our calculated
results and the measurements could be because of
kinetic shifts in the appearance energy of decomposi-
tion products (C2H3O
1 and C3H5
1) or because of prob-
lems with the MP2 method, which is known not to be
variational [23], and occasionally gives results in mark-
edly poorer agreement with the experiment than do
RHF methods [24].
Facilities and Methods
The computations were performed using the Gaussian
90 [25] suite of programs on a Digital Equipment 8250
VAX computer, with Gaussian 92 [26] on the Cray YMP
computer at The University of Texas Center for High
Performance Computing, and with Gaussian 92 [26]
and Gaussian 94 [27] on a Cobra Carrera Alpha at the
authors’ institution. The transition states were located
using the default Berny algorithm with standard cutoffs
except that we calculated vibrational frequencies on
structures optimized with OPTATIGHT. H–F force
constants calculated in the first step were used except in
the C2H5O
1 TS, which required MP2 force constants,
and was done with OPTA(TIGHT,CALCALL). Vibra-
tional frequencies and zero-point energies were calcu-
lated on the tightly optimized structures at the RHF/6-
31G** level except where otherwise indicated in the
text. Zero-point energies are scaled by a factor of 0.89
when calculated at the H–F level [27] and unscaled
otherwise. We also did tight optimizations and fre-
quency calculations on the ring4 and ring5 TSs at the
MP2/6-31G** level to establish the starting points for
running the IRC calculations, which were also run at
this level. The IRC step size was 0.3 amu1/2 bohr. IRC
demonstrated that the ring4 TS we had found con-
nected E (and not Z) 1 with 2. IRC calculations with a
stepsize of 0.3 amu1/2 bohr failed from the ring5 TS
going toward 3 or 1 after six steps. IRC with a stepsize
of 0.1 amu1/2 bohr failed to converge on a stable
structure in 100 steps. Ordinary optimization from the
final step of the IRC run converged on E 1. IRC at the
H-F/6-31G* level (in which 3 is stable) also connects 1
and 2 by the ring5 TS.
Entries in Tables 1 and 2 are for structures optimized
at the level of theory indicated except for the QCISD(T)
results, which were calculated at the MP2 optimum
geometry in the same basis set. All species except 3 had
the expected numbers of positive and imaginary vibra-
tional frequencies. Ion 3 is stable at the RHF/6-31G*
level. We froze the C–H bond lengths on the internal
methylene group of 3 at their value in the 6-31G*
optimization (1.105 Å) and optimized all other param-
eters at the 6-31G** level. Starting from this partially
optimized structure, we then attempted to fully opti-
mize it at the RHF/6-31G** level with force constants
calculated in the first step. The initial force constant
matrix had one negative eigenvalue, and the structure
optimized to 1. A previous calculation had found 3 to be
stable at the RHF/3-21G level, but the authors ex-
pressed reservations about its stability toward rear-
rangement to 1 [10].
MP2 and QCISD(T) calculations were performed
with frozen core electrons. Gross orbital populations,
overlap populations, and atomic charges discussed in
this work refer to MP2/6-311G** optimized structures
using the MP2 density. The precise numbers involved
depended somewhat on the method, but the methods
are in qualitative agreement with all the points we
raised in our discussion.
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